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The quark potential model and resonating group method are used to investigate the KN bound 
states and/or resonances. The model potential consists of the t-channel and s-channel one-gluon 
exchange potentials and the confining potential with incorporating the QCD renormalization cor- 
rection and the spin-orbital suppression effect in it. ft was shown in our previous work that by 
considering the color octet contribution, use of this model to investigate the KN low energy elastic 
scattering leads to the results which are in pretty good agreement with the experimental data. In 
this paper, the same model and method are employed to calculate the masses of the KN bound 
systems. For this purpose, the resonating group equation is transformed into a standard Schrodinger 
equation in which a nonlocal effective KN interaction potential is included. Solving the Schrodinger 
equation by the variational method, we are able to reproduce the masses of some currently concerned 
KN states and get a view that these states possibly exist as KN molecular states. For the KN 
system, the same calculation gives no support to the existence of the resonance + (154O) which was 
announced recently. 

I. INTRODUCTION 

Recently, the K N systems has attracted much interest in investigations of the puzzle of exotic baryon state A(1405) 
[1-9]. The puzzle of A(1405) came from the obvious discrepancy between the downward shift of the IS level of the 
kaonic hydrogen atom which was determined from the measurement of atomic x rays [10-12] and the upward shift 
measured from low energy KN scattering [13]. Although the discrepancy itself has been resolved recently by the 
elaborate measurement of x rays from the atom with an upward shift of the IS* level [14,15], how to understand the 
nature of the state has not reached its last word yet. The state seems to be able to be interpreted as an elementary 
baryon, i.e., a three quark state belongs to the 70~ multiplet, a meson-baryon composite being a KN bound state or 
a 7rS resonance, or a five quark bound state. In Ref. [16], the authors investigated the state A(1405) by employing 
a coupled-channel potential model with introducing a separable Yukawa-type meson-baryon potential. From fitting 
to low-energy KN scattering data, they obtained two sets of parameters: one allows them to interpret the state 
A(1405) as the 70~ three-quark state strongly coupled with KN and 7r£; another to interpret the state as a irY, 
resonance and/or an unstable KN bound state. In Ref. [17], the s-wave meson-baryon interaction in the strangeness 
S = — 1 sector was studied by means of a coupled channel method by using the lowest chiral Lagrangian. By a good 
fit to the scattering data, the authors conclude that the A(1405) and A(1670) may be identified with KN and KS 
quasibound states, respectively. The resonances A(1405) and A(1670) were also investigated in Ref. [18] in the Bethe- 
Salpeter coupled-channel formalism by utilizing the interaction given by the lowest perturbative chiral Lagrangian. In 
addition, the resonances A(1405) and £(1620) were ever studied in the QCD sum rule approach by using multiquark 
interpolating fields ((95) [19]. In this study, the above resonances are considered as multiquark states. In 
Ref. [20], the two-pole structure of A(1405) was studied from the reaction K~p — > 7r°7r £ in the energy region of 
p K - = 514 to 750 MeV/c by using the chiral unitary theory. The possible existence of deeply bound kaonic states 
was recently investigated for few-body systems by assuming a kaon-nucleon interaction of Gaussian type with a fixed 
width [21]. In this investigation, it was concluded that the A(1405) may be viewed as a KN bound state. However, 
a critical analysis given in Ref. [22] on the KEK and FINUDA experiments [23] indicates that the experimental 
confirmation of the existence of deeply bound kaonic states is still under debate. 

In our previous work [24], we have elaborately calculated the KN and KN elastic scattering phase shifts. The 
results are in quite good agreement with the experimental data and show that for the KN system, the s-wave shifts 
exhibit strong attractive interactions in the s-channel scattering, while, for the KN system, only the Poi an d -D03 
states have small positive phase shifts which imply that the attractive interactions in these states are weak. The 
aim of this paper is to investigate the KN bound states and resonances by using the quark potential model and 
resonating group method (RGM) [25], and to discuss whether the pentaquark 6 + (1540) [26-29] is possible to exist or 
not. The potential used is composed of the i-channel one gluon exchange potential (OGEP) [30] and the s— channel 
OGEP [24, 31-33] as well as a phenomenological confining potential. The two OGEPs were derived from QCD in 
the nonrelativistic approximation of order p 2 /m 2 and contain spin-independent terms such as the Coulomb, velocity- 
dependent terms and spin-dependent terms such as the spin-spin interaction, spin-orbital coupling and tensor force 
terms. All these terms are taken into account in our investigation as should be done in a theoretically consistent 
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treatment. Especially, the s-channel OGEP is necessary to be considered for the KN interaction. With this potential 
and considering the contribution of color octet of clusters K(K) and N , it was demonstrated in our previous works 
[24, 32, 33] that the model is not only able to quite well reproduce the KN low-energy elastic scattering data, but 
also to give reasonable results for the tttt low-energy scattering and KK bound states. The results obtained in our 
previous works encourage us to study KN and KN resonances A(1405), A(1600), A(1670), £(1385), £(1620) and 
O + (1540) in a consistent way within the framework of the aforementioned potential model and RGM. 



II. FORMALISM 



In this section, we briefly describe the potential model and resonating group method (RGM). According to the 
quark model, the KN ( KN ) system may be treated as two quark clusters: the ^-cluster (qs) ( the ^-cluster (qs)) 
and the TV-cluster (qqq) where q — u or d. The effective KN (KN) interaction potential may be extracted from the 
following Schrodinger equation for the interacting q 4 s (q 3 qs) system by the RGM [25] 

[T + V)V = (1) 

where E, T, V and W stand for the total energy, the kinetic energy, the interaction potential and the wave function 
of the multiquark system, respectively. 



A. Interquark potential 



In the center of mass frame, the kinetic energy is given by 



5 H2 

T = — T c (2) 

where T c represents the center of mass kinetic energy, The interaction potential is assumed to be 

5 

v = E {V?i + V*+V8) (3) 
i<j=l 

where V^, Vfi and Vg denote the ^-channel OGEP, the s-channel OGEP and the confining potentials, respectively. 
They are separately described in the following. 

The i-channel OGEP represented in the momentum space is [24, 30] 



yt _ ±™sC% f _p2 (m 2 +m 2 ) . r\ 2 , (m.-m,) g (ff 7\ 

+ 4^-(? x k) ■ [(2 + %)ffi + (2 + %)ffj] + ^as^> 

where rriij = rrii + rrij with m t and mj being the masses of i-th and j-th quarks respectively, a s is the QCD fine 
structure constant, o^and <7jare the spin Pauli matrices for i-th and j-th quarks, Cfj is the t-channel color matrix 
defined as 

C\- = f ° r qqiM) (5) 

13 -^--i - ' for <m 

with A a being the Gell-Mann matrix, P, k and q are respectively the total momentum, the initial state relative 
momentum and the final state relative momentum of the two interacting particles. 
The s-channel OGEP is [24, 31-33] 

i rs _ vasF^C^ Uo ^ s 5(m 2 +m' 2 )-4mm' g 2 2ft 2 2<f 2 

A i -^^ + ^ + &)^-S ] + ^(P^q)-{S,-S j ) 

-^(P x k) ■ {Si -ff^-j^Lp ■ SiP.di ( fi ) 

+ (P ■ &ik ■ Gj —k - GiP ■ Gj + 4fc • Gik ■ Gj ) 

+ j^pi(P ■ G l q- Gj - q- GiP ■ g 3 + 4<f • G l q- Gj)} 
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where m and m! denote the quark (antiquark) masses before and after annihilation respectively, Cfj and F?j are 
respectively the s-channel color and flavor matrices defined by 

^• = -^-Af) 2 (7) 
here A" are the Gell-Mann matrices for i-th quark and 




here Tj are the isospin Pauli matrices for i-th particle, Yi the hypercharge operators, and V[~ ( Uf and J/r) represent 
the rising and lowering operators of the y-spin ([/-spin) respectively. The s-channel OGEP gives nonvanishing S- 
matrix elements only for KN system 

The confining potential, as was done in Ref. [32], is taken to be a harmonic oscillator one. In momentum space, it 
is represented as 

^=C* 3 .(2 7 r) 3 ^ 2 V 2 fe 5 3 (9-fc) (9) 
where % is the reduced mass of two interacting particles and ui the force-strength parameter. 



B. Resonating group method 

In application of resonating group method to investigate the system of composite particles, we need to give the 
basis wave function of the system. Let us first construct the basis function of KN system from the wave functions of 
clusters (qs) and (qqq). Since there are identical particles between the two clusters, the basis function of the system 
may be represented as 

= AV TM i m (l, 2,3,4, 5)R(pi,P2,P3,P4,P5;p) 

where the three quarks in the iV-cluster are labeled as 1,2,3 and the quark and antiquark in the if-cluster (or 
the antiquark and quark in the ^-cluster) as 4 and 5, * TM i TO (l, 2, 3, 4, 5) and R(pi,p2,P3,p4,p*>; p) represent the 
color-isospin-spin wave function and the position space wave function respectively which are constructed from the 
color-isospin-spin wave functions and the coordinate space wave functions of nucleon and kaon, 

A =-j£ (1-Pu-Pu-Pm) (11) 

denotes the antisymmetrized operator in which Pj4 (j = 1,2,3) symbolize the interchange operators. For the KN 
system, noticing that there is no identical particles between the two clusters (qs) and (qqq), the basis wave function 
of the system may simply be written out from Eq. (10) by setting A = 1. In this case, \& TM i m (l, 2, 3, 4, 5) and 
R(Pi,P2,P3,P4,i>5', p) are the color-isospin-spin wave function and the position space wave function constructed from 
the corresponding wave functions of nucleon and antikaon. 

When kaon (antikaon) and nucleon interact, the color states of the two quark clusters are possibly polarized. 
In this case, the kaon (antikaon) and nucleon should not be viewed as pure color singlet objects even though the 
whole system is kept in color singlet and therefore the interaction taking place in the color octet must be taken into 
account. Consideration of color octet channel interactions has been proved to be important to reproduce experimental 
data in the investigations of hadron productions and decays [34-36]. Thus, the color-spin-isospin wave function 
f TM i m (l, 2, 3, 4, 5) of the whole system may be given by the color singlet part ^^ Mlm (l, 2, 3, 4, 5) or the color octet 

part ^^Ifi (1) 2, 3, 4, 5) formed by the color singlets or color octets of the two clusters. In principle, we may test a 
general color structure of system under consideration which is given by the following linear combination 

2, 3, 4, 5) = a^ Mhm (l,2, 3, 4, 5) + Wf^Jl, 2, 3, 4, 5) (12) 

where the coefficients a and (3 are required to satisfy 
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M 2 + |/3| 2 = 1. (13) 

The wave functions *y]^i TO (l> 2, 3, 4, 5) and $^| flm (l, 2, 3, 4, 5), as described in Appendix A, were constructed in 

Ref. [24] by the antisymmetric requirement for the wave functions of identical particles in nucleon. 

Because we limit our discussion to the interaction in the low-energy regime, it is appropriate to write the position 
space basis function of the KN or KN system in the form 

R(Pl,P2,P3,Pi,P5]P) = ^(Pi,/^^^,^^^,/^^^,^^^^,^) (14) 

where (p^(pi,p) and (f)i s \pj,p) are the lowest- lying harmonic oscillator states of the A-cluster and K (K )-cluster 
given in the momentum space, 

0£>(&, p) = (2V^) 3/2 exp(-±&?# T iX±f . . ^ (15) 

in which p is the vector representing the separation between the centers of mass of the two clusters and parameters 
A± are defined by 

3mi mi +m 2 

A - = Pi = i ; ^ A+ = (h = -. ; (16) 

4mi + m 2 4m! + m 2 

here mi denotes the mass of d or u quark, m 2 the mass of strange quark. The wave function in Eq. (14) can be 
represented through the cluster coordinates in the form 

R{pi,P2,P3,P4,p 5 ; P) = X K (3)X N (kuk2)Ti$, P)Zcm(P) (17) 

where Xk (q) and X^(ki, fc 2 ) are the internal motion wave functions of the K(K )-cluster (qs) ((qs)) and the iV-clustcr 
(qqq) with q and ki,k 2 being the relative momenta in the clusters (qs) ((qs)) and (qqq) respectively, Y(Q,p) is the 

wave function describing the relative motion between the two clusters with Q being the relative momentum of the 
two clusters and Zcm(P) the wave function for the center-of-mass motion of the whole system in which P is the total 
momentum of the system. According to the RGM, the wave function of the two clusters may be represented in the 
form 

^TMsrn= j d 3 p<S> TM l ms (pi , P2, j>3, Pi, Pb] P) } ' (p) (18) 

where $ TM i m (Pi,P2,P3,Pi,P5', P) is the basis function defined in Eq. (10) and f(p) is the unknown function describing 
the relative motion of the two clusters. On substituting the above wave function in Eq. (1), according to the well- 
known procedure, one may derive a resonating group equation satisfied by the function f(p) which is obtained from 
Eq. (1) by subtracting the internal motion of the two clusters, 



d 3 p[T r (pJ) + Vr(pJ) - E r N r (pJ)]f(f?) = (19) 



where 



/ " (pp k d p 
1^ J^J^f^TMl m iPl,P2,P3,Pi,P5-,P) I AX | $ TM ± m (Pl,P2,P3,Pi,P5-, P*)) (20) 

here X stands for T, V or I (the unity). The expressions of the functions T r (p,p?) : V r (p,pi) and N r (p,f?) are not 
shown here but will be used to derive the effective potential as described soon later. 

C. Schrodinger equation and effective KN(KN) potential 

The resonating group equation in Eq. (19) is not of the standard form of Schrodinger equation since the normaliza- 
tion function N r (p 1 p l ) is not unity. It can be converted into a Schrodinger equation by the following transformation 

f(p) = J d 3 RT(p,R)^(R) (21) 
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where 

T(p.R) = —1 (M|)3/4 / d 3 ke ek^P +l HP-R) (22 ) 

in which b is the harmonic oscillator size parameter and ^f(R) will be identified with the wave function describing the 
relative motion of the two clusters. On inserting Eq. (21) into Eq. (19), it is not difficult to get 

--!-V 2 -¥(i?) + / d 3 RV(R,R')^(R') = eV(R) (23) 
2^ J 

where s stands for the binding energy, fi denotes the reduced mass of nucleon and kaon (antikaon) and 

V(R, R!) = V\R, R!) + V S (R, R') + V C (R, R!) (24) 

is the nonlocal KN ( KN ) effective interaction potential in which V t {R, R'), V S (R, R!) and V C (R, R') are generated 
by the i-channel OGEP, the s-channel OGEP and the confining potential respectively. The potential V(R, R') in 
the Schrodinger equation is connected with the potential V{p, p 1 ) appearing in the resonating group equation by the 
following formula. 

V(R, it) = I d 3 pd 3 P T(R, p)V(p, 0)Ttf, R!). (25) 

Through a lengthy derivation, we obtain an explicit expression of the potential V(R, R') which is displayed in Appendix 
B. 



III. NUMERICAL RESULTS 



As mentioned before, use of the above effective potential to calculate the KN elastic scattering phase shifts leads to 
the results which are in reasonable agreement with experimental data. In this paper, we recalculate the phase shifts 
and find that a quite good fit to the experimental data can also be achieved by appropriately increasing both the 
coupling constant and the size parameter of harmonic oscillator with remaining other parameters unchanged. Some 
phase shifts selected here are shown in Figs. 1-4 in which Figs. 1 and 2 give the theoretical prediction for some KN 
low energy elastic scattering phase shifts. These phase shifts are all positive, implying that the interactions in the 
relevant states are attractive and therefore possibly form bound states or resonances in those states. It is noted that 
in our present investigation, besides the color octet mechanism, the QCD renormalization effect and the spin-orbital 
suppression are also taken into account. In the calculations, the theoretical parameters are taken to be: the coupling 
constant a° = 0.527, the force strength of confinement ui = 0.2 GeV, the harmonic oscillator size parameter b — 0.483, 
the constituent quark masses m u = m<i = 350Mey and m s — 550 MeV, the color combination coefficient a — 0.915, 
the scale parameter of QCD renormalization p — 0.195 GeV and the parameter of spin-orbital suppression 7 = 0.45. 
Except for the parameter a, all the parameters are consistently used in calculations of S = — 1 KN states and S = +1 
KN states. 

The mass spectrum of KN bound and resonant states are calculated from the Schrodinger equation written in Eq. 
(23) by the variational method. The trial wave functions are chosen to be 

W, T) = -7==l E E U ( n > L > S > )C J C J lSm RnLm^TSm (26) 
V nLSmim 

where R n Lmi stands for the coordinate space basis functions which are, as usual, taken to be the harmonic oscillator 
wave functions, ^TSm represents the spin-isospin wave function of the two clusters with S — 1/2, and u(n, L, S) are the 
unknown combination coefficients which can be determined by solving the Schrodinger equation. Here the quantum 
numbers of a state is represented by the conventional notation Lt 2j(J P ) where L, J, T and P designate the orbital 
angular momentum, the total angular momentum, the isospin and parity of the state. It should be noted that the 
spin-isospin wave function ^TSm in Eq. (26) is written formally. In the practical calculation, the effective potential in 
Eq. (23) is given by the matrix clement of the potential operator shown in Appendix B between the color-spin-isospin 
wave function represented in Eq. (12) and Appendix A. In this kind of calculation, the wave function ^TSm in Eq. 
(26) is replaced by the color-spin-isospin wave function mentioned above. Another point we would like to note is that 
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in solving the Schrodinger equation, the series over n in Eq. (26) is cut off by a limitation of N = In + L. We found 
that to obtain sufficiently accurate results, the N is unnecessarily taken to be large. To solve the binding energy from 
the Schrodinger equation, we choose the dimensionless parameter a = ^Jmui as the variational parameter which is 
determined by the following stationary condition 

IH- ™ 

The mass of a if (K)N bound state or resonance is given by 

M = m 1 +m 2 +e (28) 

where mi and mi are the masses of constituent K(K) and N clusters. 

In this paper, we first limit oursclf to focus our attention on the KN states A(1405), A(1600), A(1670), £(1385) 
and £(1620) which were discussed in the previous literature. Within the prescription of RGM, these states are 
naturally treated as KN molecules with negative strangeness. The calculated masses of these states as well as the 
experimental ones are listed in Table 1. In our calculation, except for the color parameter a, the other parameters 
are taken to be the same as used in the scattering case. The color parameter which represents the color polarization 
describes the color structure of a state which characterizes, to some extent, the internal quark-gluon structure of 
the state. Obviously, the parameter a in bound states would be different from that in scattering processes. For the 
low energy elastic scattering, in general, only peripheral interactions are concerned. Apparently, in this case, the 
kaon (antikaon) and nucleon suffer from a slight color polarization in the interacting region and in the initial state 
and final state, they are, as free particles, still in color singlets. In our test, we find, when we take the combination 
parameter a = 0.915, which means that the color singlet interaction between kaon (antikaon) and nucleon dominates, 
the scattering data may be fairly reproduced. However, in bound states and resonances, the kaon (antikaon) and 
nucleon are bounded together and even overlapped. In this case, a strong color polarization would happen. That 
is to say, the kaon (antikaon) and nucleon in the bound states and resonances, in general, can not exist as color 
singlet objects. Since the color structure or the quark-gluon structures for different bound states and resonances are 
different, the effective interactions taking place in those states would be different from one another. According to 
our calculation, the A(1405) is identified with a lowest KN bound state with the quantum numbers <Sb 1(5 ) an d 
color parameter a — 0.91 which implies that the both clusters K(qs) and N(q 3 ) in the s-shell state are almost kept 
in their color singlets. While, the A(1600), A(1670), £(1385) and £(1620) are excited molecular states with quantum 

numbers Po i(| + )*, So i(| )*, Pi 3(| + )* and Si i(^ )*, respectively. The state A(1600) is a p- shell resonance and 
the A(1670) is a first radial-excited s-shell resonance both of which are isoscalar states. While, £(1385) and £(1620) 
are the isovectorial p-shell and s-shell states. The smaller values of the parameter a for these states indicate that 
they have rather complicated quark-gluon structures. Particularly, for the resonance state £(1385), since the a is 
too small, there is a small amount of singlet-singlet component in this state and, therefore, it cannot be viewed as 
an ordinary meson-baryon molecule. Such a state looks like an exotic baryon state containing four valence quarks 
and one valence antiquarks. As we learn from particle physics, colored quark and/or antiquark pairs and gluons as 
well as their colored clusters existing in the intermediate state of a process or in the interaction region of an hadron 
system will decay into various color singlet hadrons in the final state. Therefore, working in the hadron dynamics, to 
investigate the problems of decay, scattering and bound states for hadron systems, it is natural to introduce various 
meson exchange potentials and to perform coupled channel calculations where all hadrons involved are treated from 
beginning to end as color singlet objects. Nevertheless, when we work in the quark potential model and introduce the 
color octet mechanism, consideration of the meson exchanges may be unnecessary. 



States 


A(1405) 


A(1600) 


A(1670) 


E(1385) 


E(1620) 


U 2.,(J P ) 

a 


So i(§ ) 
0.91 


0.83 


So 1(2 )* 
0.723 


Pi 3 (! + r 
0.21 


0.81 


Theor. masses (MeV) 


1405 


1603 


1667 


1384 


1617 


Expt. masses (MeV) 


1405±10 


1596±6 


1670±5 


1385±3 


1633±10 



TABLE I. Masses of exotic states S=-l 
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Now let us turn to the resonance O + (1540). Whether this state exists or not nowadays is still in debate. Some 
experiments supported its existence, but some other experiments failed to find it [28]. In this paper, we have calculated 
the KN states by the same procedure as for the KN states, trying to find if a resonance could be formed in the Pqi 
state or the D 3 state. In the calculation, we use the parameters as determined in the study of KN scattering except 
that the parameter a is chosen to be a adjustable parameter. But, in our test, we find, even though in these two 
states, as mentioned before, the interactions are attractive, it is impossible to find an appropriate a which could give 
a state with the mass 1540MeV and IJ P = 0± + [37] or IJ P = 0§ [38, 39]. The reason is probably due to that the 
attractive interactions in those states are too weak for forming a bound state or a resonance. 

IV. SUMMARY 

In this paper, the states A(1405), A(1600), A(1670), £(1385), £(1620) and 6+(1540) were investigated in the 
constituent quark potential model within the framework of RGM. The distinctive feature of the investigation is that 
the effective interaction potential between the strange meson and nucleon was merely derived from QCD-inspired 
interquark potential with incorporating the QCD rcnormalization correction and the spin-orbital suppression effect 
in it without concerning any meson exchanges. With considering the contribution arising from the color octets of 
the clusters K(qs) (or K(qs)) and N(q 3 ), the potential model used is able to reasonably reproduce the KN low 
energy scattering data and gives some prediction of the KN low energy elastic scattering phase shifts. With the 
theoretical parameters are determined by fitting the scattering data, the model calculation allows us to interpret 
the states A(1405), A(1600), A(1670), £(1385) and £(1620) as KN molecular states with a certain color structures 
characterized by the parameter a and gives no support to the existence of the pentaquark state + (154O). Certainly, 
the validity of the model used in this paper needs to be verified by further investigations on other hadron systems and 
on the problem of resonance decays. In particular, to confirm the color structures of the KN molecular states, it is 
expected that more accurate lattice QCD calculations of the states would appear in the future. Moreover, to justify 
the results given in our calculation, experimental KN elastic scattering phase shifts given in the low energy domain 
are urgently anticipated. 
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VI. APPENDIX A: THE COLOR-FLAVOR-SPIN WAVE FUNCTIONS 

In general, the color singlet color state of the five quark cluster (q^s) or (q 3 qs) may be built up by the color 
singlets of the iV-cluster (qqq) and if-cluster (qs) (or the if-cluster (qs)) or the color octets of the two subclusters. 
Correspondingly, for the five quark cluster, there are two classes of color-flavor-spin wave functions denoted by 
$J|ji m (l, 2, 3, 4, 5) and i m P> ^, 3, 4, 5) which are color singlets as a whole, but associated respectively with the 

color singlets and the color octets of the two subclusters. In the function ^^ M i m (l, 2, 3, 4, 5), the color-flavor-spin 

(CFS) wave function ^\ 1 (1, 2, 3)n for the iV-cluster which is of the symmetry denoted by the Young diagram 

[l 3 ] c / s and hence totally antisymmetric ) is constructed from the C-G coupling of [l 3 ]c x [3]fs where [l 3 ]c and [3]fs 
are the Young diagrams denoting the antisymmetric color singlet and the symmetric flavor-spin states respectively. 
In the function im (l, 2, 3, 4, 5), the antisymmetric CFS wave function ^ij^ i m (1,2,3)jv for the A^-clustcr is 

given by the C-G coupling of [21] c x [21]j?s where [21] c and [21]fs represent the color octet state and the flavor-spin 
state of mixed symmetry respectively. The explicit expressions of the wave functions mentioned above can easily be 
written out by the familiar method given in the group theory, as displayed in the following. 
The first class of the CFS wave function in Eq. (12) for the whole system is 

^J 1 . 2 , 3,4,5) = E ^iM 2 *^ 4m (l-2,3) Ar *« 200 (4,5) i , (Al) 

MiM 2 
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where lm (l, 2, 3)at , as mentioned before, is the CFS wave function for the TV-cluster and ^ , j. 1 | #200 (4, 5)k is the 

CFS wave function for the if -cluster. They are represented separately as 

^ Mlime (1, 2, 3) w = £(1, 2, 3) X ^ , ms (1, 2, 3) (A2) 

where 

£(1, 2, 3) = -J=e a6c <f(l)g 6 (2)g c (3) (A3) 



represents the color singlet wave function of the iV-cluster and 

xf Mlhms (1,2,3) = i=[ X | Mi (l,2 ) 3V| ms (l,2,3) + X | Ml (1,2,3)^(1,2,3)] (A4) 



is the isospin-spin wave function of the TV-cluster in which the isospin wave functions Xi Ml (1, 2, 3) and x\ M (1, 2, 3) 
and the spin wave functions <p" m (1, 2, 3) and <p^ m (1, 2, 3) are expressed as follows 

X\ Ml (1,2,3) = E ^ 1 m3 Cj™ i , m2X , mi (l)x, m2 (2)xi m3 (3) 

^ 771,7713,7711,7712 

xW 1 ' 2 ' 3 ) - £ 4TM 1 ^° mi i m2 ^ mi (l)x, m2 (2)xi m3 (3) 

mi,m2,m3 (A5) 

^| ms (1,2,3)= E ^^^^^(1)^^(2)^,^(3) 

^ m,m3,mi /m-2 

7711,7712,7713 

The CFS wave function of the X- cluster is 

^aW 4 ' 5 )* = Co(4,5) X i M (4, 5)^oo(4, 5) (A6) 

where Co(4, 5), x±m(4, 5) and <^oo(4, 5) are the color, isospin and spin wave functions, respectively. Since there is no 
identical particles in the cluster, these wave functions are of the forms 

0,(4,5)^-^(4)^(5) (A7) 



and 



Xim(4,5)= E C'CooXim 1 ( 4 )xoo(5) 

mi 771.2 2 

^oo(4,5)= E Cf, ^^(4)^(5) 



(A8) 



mi 77*2 

For the second class of the CFS wave function in Eq. (12), it can be represented as 

^^2,3,4,5)= £ E^Mr j M 2 *^ 1> ( 1 '2,3) J v*g 00 (4,5) x (A9) 

MiM 2 c 

where ^i 2 ^! i (1,2, 3) at and *i 2 ^ (4, 5)jf are the second class of CFS wave functions for the A^-cluster and the 
if-cluster respectively. Their expressions are shown in the following. 

^JS*™.^ 2 ' 3 )^ = ^^C 1 ' 2 ' 3 )^]?*™.^ 2 ' 3 ) - €f (1,2, 3) X «^ iTO- (l,2, 3)] (A10) 

where £5(1, 2, 3) and £f (1, 2, 3) are the color octet wave functions given respectively by the Young- Tableau [211] and 
the Young- Tableau [121] andxi^i^j (1,2,3) and xij^ i m (1,2,3) are the corresponding isospin-spin wave functions. 
Their expressions are 
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£ C A (1,2,3) = I ey6 [ g «(l)g*(2)^(3) + g (2) g i (l)^(3)] 

€f (1,2,3) - ^ M e ijb [q a {l)q i {2)qi^) - g (2)g*(l)^(3) - 2 g»(3)g*(l)^(2)] 

X^, ms (l,2,3) = ^[ X | Mi (l,2,3V| ro /l,2,3)-x| Ml (l,2,3)4 ros (l^ ( A11 ) 
x( 2 2 ^ (L 2 ' 3 ) - -73 [4m, (1. 2 > 3)4 ms (1, 2, 3) + X | Ml (1, 2, 3)^ (1, 2, 3)] 

The second class of the CFS wave function for the if (or if )-cluster is as follows 

*$£oo( 4 ' 5 )* = CS(4,5) X i M (4, 5)^)0(4, 5) (A12) 

where 

Cj(4, 5) = <A% a (5) - ^(4)^(5) (A13) 
is the color octet for the K(K) cluster and the other two functions xim(4> 5), <^oo(4, 5) are the same as in (A8). 



VII. APPENDIX B: THE EFFECTIVE KN AND KN INTERACTION POTENTIALS 

In this appendix, we show the nonlocal effective interaction potentials of the KN and KN systems which are 
derived from the interquark potentials written in section 2 by the resonating group approach. 

The KN nonlocal effective potential Vt(R, it) which is derived from the t-channel OGEP written in Eq. (4) is 
divided into two parts: the direct part V t D (R,R') and the exchanged part V t ex (R,R'): 

V t (R, It) = V t D (R, It) - Vr(R, it) (Bl) 

where 

V t ex {R, R') = V t ex (R, R') 14 + V t ex (R, R') 24 + V t ex (R, R' f 4 (B2) 

here the superscript ab — 14, 24 or 34 designates which pair of quarks interchange. Each part of the potential contains 
several terms as follows: 

V t D {R, R') = Vg{R, R') + Vg{R, it) + Vg{R, it) 

+V°(R,R') + V°(R,R') + V 3 I 1(R,R>) ( ' 



and 



V t ex {R, R') ab = V{f(R, R') ab + V^{R, R') ab + V 3 e ?(R, R') ah + V{?(R, R') ab + V 2 e 3 x (R, R') ah 
+V 1 f{R, R') ab + V 2 f(R, R') ab + V 3 f{R, R') ab + Vg{R, R') ab + Vg(R, R') ab 



(B4) 



where the subscript in each term on the right hand sides (RHS) of (B3) and (B4) marks the two interacting quarks: 
one in the TV-cluster, another in the if -cluster. According to Eq. (25), the terms VP{R,R') and Vfi x (R, R') ab are 
derived in such a way 

VP{R,R!) = J d 3 pd 3 p'T(R,p)VP(p,f?)T(f?,R'), 
V* x (R,R') ab = Jd 3 pd 3 p'r{R 7 p)V^ x (p,ff) ab T{ff,R') { ' 

in which V®(p,pi) and V? x (p, p>) ab can be explicitly calculated according to the definition given in Eq. (20). It 
should be emphasized that the effective potential in Eq. (23) is defined by the matrix element between the basis 
wave function written in Eq. (10). In order to exhibit the spin, color and isospin structure of the effective potential, 
we would like here to give the effective potential in the operator form. The potential operator is derived from the 
matrix element of the quark potential in Eq. (3) between the position space wave function only, as illustrated in the 
following: 

^if(P.P') = J JJ ^^^^(^(P1'P2,P3,P4,P5;P) I Vij I R(Pl,P2,P3,Pi,P5-,P)) (B6) 
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and 

V™(pjy b = Jj[ ^3 (R(PUP2,P3,P4,P 5 ;P) I V+Pab \ R(pi,P2,P 3 ,P4,P 5 -J)) (B7) 

i— 1 

where V^*- is i-channel OGEP represented in Eq. (4) and R{p\ 1 p2 1 Pz 1 Pi 1 Pb] p) is the position space wave function 
written in Eq. (14). Clearly, the expressions written in Eq. (24) and ((B1)-(B5) are formally kept unchanged when 
the potentials in those expressions are replaced by the corresponding operator ones. For instance, when the functions 
V^(p, p*) and Vf J x {p,p') ab in (B5) are replaced by the corresponding operators Vff (p, f?) and V^ x (p 7 ff) ab defined in 

(B6) and (B7), through tedious calculations, one may obtain the potential operators V®{R,R!) and V^ x (R,R') ah . 
The calculated results are displayed below. 

First we describe the potential operators which correspond to the ten terms on the RHS of (B4). By introducing 
the following functions: 

ft(R, R') ex = exp{-^[(2C - 1)(R - R'f + ^(R + R'f}} 
ti(R, R!) ex = exp{- 2(3C l 2)62 [(4C 2 - 3C + 2)R 2 - 8((( - 1)R ■ R' + (4( 2 - 5C + 2)R' 2 }} 

/ICR, R') ex = cxp {-^ll(R R'f J^l_l% a 2l 2) (R + R'f} (B8) 
fl(R, R') ex - cxp{- 2(2 C _ 1 1 C a2)b A iC(C + « 2 ) + (C - l) 2 ]i? 2 + 4C(C - • R' 
+ [(((- a 2 ) + ((-l) 2 } R' 2 }} 

with ( = 3/32, the exchanged terms of the potential operator V t ex (R, R') 14 can be written as 

Vfi{R, R'f 4 = ^(^l)) 1 /!*^ R%M - dpi! + 3 ( 2 ^ - 1/2) 2 + #T+ 

^ f^(i? 2 - R' 2 ) 4bH £_ iy A R + R'f ~ ^(2/? 2 - h) 2 (R R'f] 
- imib *%t-iyM i)# CR? + 8m ^ 3 ( c 2C _i) + " 1 M^c-D ^ + ^ x ^ ' ^ 2 - ( B9 ) 
+^[(^ + ^ 2^1)^2 • ^ - 3pS^tf(C^ - (C - i)#) • <? 2 (CR - (C - i)#)]} 



^fOM') 14 = ^tH^) 1 /^')^ - + 3^^- - ^^(i?- i?') 2 ] 

+» 2lT m " 2 ^( C 2C-V 1 + x #) • [(2 + ^)a 2 (2 + ^)a 5 ] (BIO) 

^ l 2 (C-i- Q2 ) J W J ra 4mim 2 V 2m 1 m 2 + °2 CT 5 j, 

>U4 _ 8a s C; 5 C 3 /^q , f ,g r-| }_ rj, 3J_ 



2 C-l< 



- 4( 2c-i)^ ([(2 c - 1) 2 - m [(2 c - 1) 2 + i]i?o 2 ] + 4 mi : 2 2 ( r 1 i 2 ^2 2) c-i) [- i2 c(c - 1) 

■s^^ry ((C - i)£ - C#)([(2C - i) 2 - i]R [(2C - i) 2 + i]#)] + 4™r^[6« 2 (i + ^r) 

"P#Sf((2C + l)i? - (2C - 3)i?') 2 ] + * 2m J% C - 1} (l +7)(Rx R') ■ (£ - 

+ • -5 - stg^M - (C - l)*) • M<R (C - i)#) • <*]} 



7T 2 6 6 



" ( 2C-1-Ca 2 ) ) 2 fi ')ei 4m!m 2 ( "mtm 2 + CTl ' <T5 ^' 



(Bll) 



V- (i?,i?') 14 = l^ 2 y (2T ^ rTy )l/f (g, fl0ex{l - + 3(/3 2 - /3i) 2 - V l)2 ~ ^) 2 ] 

+ 4^1(7 + 7 2 )<?i -^-^(R-R')- MR - R') ■ <? 4 ]} 
-^C^) 1 ^ - J R')^ rT ^ M)2 (i + <?i • ^4), 
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Vfl (R,RT = ^k^i^T)^ f{{R,R')e X {l- 4^[3 + 3(/3 2 -/3i) 2 - <^^{R- R'f] 

+i^[3 + #t - ftIfiF^ + R'f] ~ H m ^%c-i) ( l + -r)(R >< #) • (*» + ft) 

+ i^K7 + 7 2 )^3 • ft - ^(i? - R!) ■ a 3 (R - R') ■ <r 4 ]} 
-0^(^)i6(R- R')e-^k^ {R+R ' )2 (I + a 3 ■ a 4 ) 



+ 7 2 )ft ■ ft - ^f{R - R!) -MR- R') ■ ft]} 



-0m(^i)^(R - R')e-^^ (A+R ' )2 {i + ft ■ ft), 

Vg&B?) 1 * = ^(^I)) 1 /!'^, R%M ~ i^t 3 + 3(/?2 - /3l) 2 - - R'f] 

+i^[3 + #T - + R'?\ + ^ 4m ^gc-i) ( 1 + >< #) • (ft + ft) 



+ i^[(7 + 7 2 )ft • ft ~ ^(R - Sf) -<?i(5- #) • ft]} 
-^(^i) 1 ^ - i?Oe~^^ (M)2 (l + ft • ft), 

V3T (i?,i?') 14 = 1J ^^( 2T ^) l A t (£,#)ex{i - ^[3 + 12 /3 2 2 



-i^(i? 2 - i?' 2 )] + - Ajff 2 • ft}, 



mi _ m2 r 3( ai -ft) _ ( ai -ft) C 2 /^ _ £')2] _ i C 3 (x + 7 )(# x . (Is. _ ffa.) 

+» 2 l? m " 2 ^ ( C 2C-V 1 + 7)0R >< #) • 1(2 + ^)ft - (2 + ^)ft] (B17) 



+i^ic-w l + i^i)^ ■ ft - M^^ R + R ') ■ ^ R + ff ) ■ 

w*& \2{C-±-a 2 )> JZ^Ri R ) ex 4^T^y 2mim 2 + ^ °^ 



and 



V&& R') 14 = s -^&(^fi(R, - ^feSr + *f ( 2 C - 1 + tt-i) 
C - 1) 2 - 1]* - [(2 C - i) 2 + i]i?) 2 ] + i^fe^fcry M2C(C - i) 
■5^(|fcy((C - i)# - Ci?)([(2C - i) 2 - - [(2C - I) 2 + 1]^)] + 3^F[6«2(1 + ^r) 
"F#Sf((2C + 1)* - (2C - 3)i?) 2 ] - ll ^J^ TJ (l + 7 )(R x R') • ~ It) 
+ S )^4 • <? 5 - btg^(C^' - (C - i)i?) • a 4 (C^ - (C - i)R ■ ^5]} 



(B13) 



(B14) 



(B15) 



(B16) 



(B18) 



in which ot\ = m ^ ni2 , a 2 = m ^ m2 ■ The other exchanged potential operators V t ex (R,R') 24 and V t ex (R, R') 34 can 
directly be written out from the above operators by changing the superscripts 14 to 24 and 34. 

The potential operators corresponding to the terms of the direct part of the potential in (B3) are shown in the 
following 

V£(£ R>) = i^4(_ T |_ y )l 5 (i? - R') e -^tr^{l - ^[3 - |(/3 2 - / 3 1 ) 2 (^ + I) 
-^((^ + - - i)V«,) 2 ] + ^[3(1 - i) - ^(V^ - V^,) 2 ] 

- H^lT-x^ 1 + 7)(^2 - <? 4 ) • (i? x V^) + ^4 C _ A) (1 + 7)(^ + <?4) • (i? x V a ) (B19) 
+ 4^1^^ • ?4 - b $ ( L /r R ■ o 2 R ■ ^4]} 
-j^^i^SiR R')e~^ R2 a 2 ■ ff A . 
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The potential operators corresponding to the terms V-^(R,R') and V^(R,R') in (B3) have the same form as shown 
above except for the subscripts 24 being changed to 14 and 34. Introducing 

f 5 (R, R!) D = exp{ ^^(i? 2 + 2^R ■ R> + R' 2 )} (B20) 

Ci& 2 (i-|) £ 

with Ci = 1/(C - Pi) + l/7«2 - 2A and ( 2 - 1/(C - ft 2 ) + V7<*2 and 

f 6 (R, R') D = exp{ 1 -^(R 2 + 2%R ■ it + R' 2 )} (B21) 



with Ci = 1/(C — /3 2 ) + l/a2 — 2/c and and £ 2 = 1/(C — + l/ a 2, the potential operator corresponding to the term 
V^5 (.R, in (B3) can be represented in the form 

ggjgls r «i ^If^R 1 r 3 1 (»i-ft) 2 / 6_^ + 



C-/3? 



12 \ _ (tti-ft) 4 f /?_ RM21 _i_ mi-m 2 n , / /3 _ ft W 6 

( f _ /3 2)2 Cl ( 1+ C2 ) 7 4a 2 fc 2 (C-/3^) 2 (Ci+C2) 2 ^ ' J ^ 4m 1 m 2 m 1 2() 4 2l ^ 2 a ' [l > 

i 12 \i.2 4 (n _ S/\2\] , 1 [6a 2 , Q 2 /Y 6 , 12 \,2 

(c-^ 2 ) 2 Ci(i+^) ; (c-^) a (Ci+C2)^ it fi i ^ + 4 mim2 i-r + FU ^? + (c-/3 2 )2Ci(i+^) ; 

- (C^W - ^) 2 )] - ^^t^-Ci) ( 1 + x #) ■ - ' (B22) 

+^ 4mim2 (C - 4 ^ (C 2, C|) (1 + 7)(i? x i?') • [(2 + ^)a 2 (2 + ^)a 5 ] 
+ i^[FIc^C27' ? 2 • <? B - fc , (Cl 4 _ C2)2 (i? + It) ■ a 2 (R + it) ■ <r 5 ]} 

8a s C25 / a C \- ft ( td td'\ 1 /m\-\-m\ , -» -> \ 

_ 7r 2 a 2 C;%>t „, w C?;J 2 /6W' K iDi^l2mX + CT2 '^J- 

(C 2 -/? 2 )(1-Tfe-) 

M 

The potential operators corresponding to the remaining two terms in (B3) are of the same form as shown above except 
for the subscripts 25 being replaced by 15 and 35. 

Let us turn to the KN interaction potential. For the KN interaction, the effective potential coming from the t- 
channcl OGEP only has a direct part as represented in (B3) and (B19)-(B22) because there are no identical particles 
between the iV-cluster (qqq) and the ^-cluster (qs). Besides, the nonlocal effective potential derived from the s- 
channcl OGEP must be considered and plays an essential role in the KN interaction. This potential can be written 
as 

V S (R, it) = V^ d {R, R!) + V 2 s 4 d (R, R') + V 3 s 4 d (R, it) (B23) 

where V i j~ d (R, R!) denotes the direct term of the potential generated from the interaction between the quark i and 
the antiquark j. The corresponding operator form of the potentials on the RHS of (B23) can be derived in the same 
way as shown before for the i-channel potential operators. The results are 

V{ 4 d {R,R') = 2 ;%Sff 2 i^lf^iR - R')e-^k^ iR+&)2 {{i + d x ■ S A ) 

1 ro 3(P2-M 2 , 3Jfe-ftf 2 (fe-ft) 2 g 2 | 4 (fe-ft) 2 g v l2 ? 2 1 (o , ~ J\ 

4^fF^ 2? h I (2C-1) C(2C-i) 2 h 2jft + (2C-i)C R + fl J ^ + 1 A > 

~ 2m\b 2 P ~~ _ 2C^t) + h 2 (2^-1)2 + ^') 2 + C (2C-1) ~ (2C- 2 1) 2 6 2 ^ 

+ (2^17?^ • V H - f V |] ■ ( 2 + * -54) - V^g 1 -!)^ ! - ^4) • (i? X V fi ) 

+ 2^P"[~ 27^1^1 ' ^4 + 4fc 2 (2 1 c ^ 1) 2 (^ + • oi(R + R') ■ a 4 + ^rr^i ■ ^4 
~ (2C-iW ^ ' ' ^ + 2^1^ ' S ^r ■ ^ + 86 2 • CTiV^ • ct 4 ]}. 

The other two terms V 2 8 4 d {R^ R') and V 34 - d (R, R!) can be written out from the above expression by the substitution 
of the subscripts 24 and 34 for 14. 

The effective KN (KN) potential derived from the interquark harmonic oscillator confining potential and quark 
interchanges is of a simple expression whose operator form is represented as 

vr (i?, it) = -i26 2 ^ 2 {c s 2 V 2 4 + c s 3 Vs4 + c s 12 Ml2 + cf M i3 + cl 4 m 

c(2c-i) ,jj g /.2 c jj/,2 (B25) 

+ ^[^2 5 + CfM3 5 + CiV5 + Cf M 45]}4(|) 3 ( I ^)l e ^ ' ' 



(B24) 
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where fcj denotes the reduced mass of interacting quarks i and j and the color factors are the same as the ones 
appearing in the i-channel effective potentials. 

Apart from the potentials listed above, there are additional terms in the KN and KN potentials occurring in 
the resonating group equation which arise from the kinetic term and the normalization term in the resonating group 
equation due to the effect of quark rearrangement. They are respectively written in the following: 



T ex (R, R') = (-3)a 3 / 2 {f [X - (CJ?-Cfl'+fl') 2 i j_ _^iJL _ RT 



j 3_r^L R' 2 1 i l r 3a2 a l^' 2 n fex / p Sr\ 

~t~2 l i 2 \.4,b 2 144b 4 J ~T 2/j.a I 2 b 2 46 4 l»T l fl i n i 



(B26) 



where 



3 



with 



and 



f^ x (R,R') - 4C 3 ( 7rb 2 (2C _ 1)(2 C c _ T ^_^Yy) ! 

C(t^ 1) 3+Q1 (B27) 

x exp{- 4fe2(2 ^_ + ^ +1) (i? - i?') 2 - 45^=IJ ( R + R ') 2 }, 

3mi(TOi+m 2 ) mi 2mi mim 2 

M = — ; ,Mi = ^-,M2 = = : ,7i = 3/(1/3 + ai). B28 

4mi + m 2 2 3 mi+m 2 

"-<* *> - - 3E> ^- Jk%*-1®U r - R,)2 - mk^r^ + *>'> < B29 » 

here E r is the relative energy of two clusters. 

The effective potential in Eq. (23) is given by the color-spin-isospin matrix element of the above potential operator 

V(R, R') = (* TMiro (l, 2, 3, 4, 5) | V(R, R') | * TAf i m (l, 2, 3, 4, 5) (B30) 

where V(R,R') has the expression as written in Eq. (24) and in this appendix and $ TM i m (l, 2, 3, 4, 5) is the color- 
spin-isospin wave function represented in Eq. (12) and Appendix A. 

To incorporate the QCD renormalization effect into the model, the QCD fine structure constant a s and quark 
masses in the potential operators will be replaced by their effective ones. The effective fine structure constant derived 
in the one-loop approximation has the expression like this [40] 

a s (A) = ^ (B31) 

l + gG(A) 

where a° is a coupling constant and G(A) is a function of variable A which has different expressions given by the 
time-like momentum subtraction (the subtraction performed at time-like renormalization point) and the space-like 
momentum subtraction (the subtraction carried out at the space- like renormalization point). For the time- like mo- 
mentum subtraction, 

G(A) = 11 In A - |jV>[2 + V3tt - A + (A + 1) VX2 ~ 4 In 1(A + \J A 2 - 4)] (B32) 

where Nf is the quark flavor number which will be taken to be three in this paper. While, for the space-like momentum 
subtraction, 



G(A) = 11 In A - %N f [$ - 2 - (£ - 1)^31 ln i (A + ^A^TI) , , 

+V51ni(l + V5)] ~ {66) 

in which A is defined as A = \J 1 q 2 j 'fx 2 with q being a momentum variable and fi the fixed scale parameter. It is 
noted that in writing the above effective coupling constant, the mass difference between different quarks is ignored 
for simplicity. In this paper, the effective coupling constants given in the space-like momentum subtraction and the 
time-like momentum subtraction are suitable for the t- channel OGEP and the s-channel OGEP, respectively. 
The effective quark mass is represented as 
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m R (X) = m R e- s{x) 



(B34) 



where ttir is the constant quark mass given at A = 1 which will appropriately be chosen to be the constituent quark 
mass in the quark potential model, 5(A) is a function which also has different expressions for the different subtractions. 
For the time-like momentum subtraction, 

5(A) = ^^{2 + (| - In | 1 - A 2 |}. (B35) 

In this paper, only the effective quark masses given in the time-like momentum subtraction is necessary to be consid- 
ered. 
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IX. FIGURE CAPTIONS 

Fig.l: The theoretical KN S-wave phase shifts in the 1 = and 1 channels. 
Fig. 2: The theoretical KN P i-wave and Pi3-wave phase shifts. 

Fig. 3: The theoretical KN Poi phase shift. The experimental phase shift [41, 42] are shown by black squares with 
error bars. 

Fig. 4: The theoretical KN D 03 phase shift. The experimental phase shift [41, 42] are shown by black squares with 
error bars. 
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